Abstract Inflammatory bowel disease (IBD) could be curable by ''immune rest'' and correction of the genetic predisposition inherent in allogeneic hematopoietic stem cell transplantation. However, balancing risks against benefits remains challenging. The application of mesenchymal stem cells (MSCs) serving as a site-regulated ''drugstore'' is a recent concept, which suggests the possibility of an alternative treatment for many intractable diseases such as IBD. Depending on the required function of MSC, such as a cell provider, immune moderator, and/or trophic resource, MSC therapy should be optimized to maximize its therapeutic benefit. Therapeutic effects do not always require full engraftment of MSCs. Therefore, optimization of pleiotropic gut trophic factors produced by MSCs, which favoring not only regulating immune responses but also promoting tissue repair, must directly enhance new drug discoveries for treatment of IBD. Stem cell biology holds great promise for a new era of cell-based therapy, sparking considerable interest among scientists, clinicians, and patients. However, the translational arm of stem cell science remains in a relatively primitive state.
largely been linked to Th17 cells, with the most recently discovered CD4
? T cell subset thought to contribute to many immune-mediated inflammatory diseases (IMID) [5] . Intriguingly, this indicates the extreme differences in IBD susceptible genes identified by recent GWASs [6] among the populations examined. This is strongly suggested either the true IBD disease susceptibility genes which have not been discovered are hidden by a race difference or the genetic predisposition of Japanese IBD could be quite different from western IBD.
Unfortunately, established therapy for IBD has been dominated by a focus on inflammation in the woundhealing process and on immunological abnormalities in its pathogenesis. The optimal IBD therapy aiming for a complete cure should not only block inflammation but also enhance proliferation and coordinate remodeling during the healing process. Furthermore, when examining the overall depiction of health and disease in the intestine, intestinal homeostasis should be regulated by extra-intestinal as well as local machinery. Consequently, therapeutic targets should transform inflammatory cells to intestinal (stem) cells, stromal cells, or bone marrow (stem) cells, and biologics should evolve into stem cell-based or gene-based therapy. Regenerative medicine translated from stem cell biology must provide a backbone to such a paradigm shift in the next-generation therapeutics of IBD.
Since the identity of bona fide mesenchymal stem cells (MSCs) and their specific contributions to these various beneficial effects have remained enigmatic, cultureexpanded multipotent mesenchymal stromal cells (MSCs) are entirely dealt throughout the text in this review. The latter terms are defined as plastic adherent cells that must express CD105, CD90, and CD73 but lack not only the expression of pan-leukocyte (CD45), endothelial, or primitive hematopoietic (CD34), monocyte (CD14 or CD11b), or B cell (CD79a or CD19) markers, but also the expression of HLA class II (HLA-DR) surface antigen, and show tri-lineage differentiation into osteoblasts, adipocytes, and chondrocytes [7] .
HSCT and IBD
The concept and practice of hematopoietic stem cell transplantation (HSCT) as a primary treatment for IMIDs such as IBD began in the late 1990s [8] . Allogeneic HSCT should theoretically be more preferable as a cure than autologous HSCT, as there is a graft-versus-host reaction that removes the presumed disease-causing T cells that might survive during conditioning [9] . However, since allogeneic transplantation is associated with higher transplant-related morbidity and mortality owing to graft-versus-host disease (GvHD), autologous transplants have been performed more frequently for IMIDs. The rationale of autologous HSCT for IMIDs is to reset the immune system, that is, to generate new self-tolerant lymphocytes after chemotherapy-induced elimination of self-or auto-reactive lymphocytes (i.e., lymph-ablation). Allogeneic HSCT is based on the rationale of both a reset of the immune system and the correction of the genetic predisposition to disease in the immune system by replacing HSCs harboring causative polymorphisms with non-disease-prone HSCs from a healthy donor.
To date, 26 IBD cases consisting of 21 CD and five UC patients who underwent HSCT (eight autologous and 18 allogeneic) for cancer have been reported [8, [10] [11] [12] [13] [14] [15] [16] [17] [18] . Overall, 24 of 27 (88.9 %) patients have achieved clinical remission in the follow-up periods of 0.5 to 8 years. All three of the patients who suffered from relapses underwent autologous HSCT. These results suggest that HSCT may result in longlasting remission without any additional medications for IBD in most patients. There have been four transplant-related infectious deaths, which accounted for a 14.8 % mortality rate. Interestingly, of the six patients participating in one of the studies (based in Seattle), the one patient who relapsed 18 months after transplantation had mixed chimeras, whereas the four patients who achieved sustained remission were assumed to have complete bone marrow chimeras [17] . Overall, all of the studies support the notion that ''immune reset'' even under ''lymph-ablation'' in the autologous transplantation can induce long-lasting remissions in IBD patients. In contrast, in a separate study, a patient without IBD undergoing allogeneic HSCT developed severe CD soon after transplantation [19] . An investigation showed that the transplanted stem cells harbored pathogenic NOD2 mutations.
The therapeutic efficacy of autologous HSCT has been previously suggested in studies consisting of small numbers of patients and is now being evaluated in controlled trials in which the study sizes were more substantial and follow-up periods were longer [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The first phase I study [22] included 12 patients with active CD, which were refractory to conventional therapies including anti-TNFa treatment. There was an early and sustained clinical remission in 11 of the patients (91.7 %) after a median follow-up of 18.5 months. One patient experienced CD relapse at 15 months post-transplantation. A second phase I/II study included four refractory patients [23] . Three of the four (75.0 %) patients had sustained remission after a median follow-up of 16.5 months. All patients in both series tolerated HSCT well and no mortality was observed.
Observations of additional case reports published to date also suggest that sustained clinical remission with HSCT is initially likely to result from lymph-ablation by drugs used in the conditioning regimen; there may be a later effect of altered immune reconstitution [20, 21, 24] . Burt et al. reported the phase I/II study of autologous non-myeloablative (lymph-ablative) HSCT in 24 patients with severe anti-TNF refractory CD [25] . The percentage of clinical relapse-free survival, which was defined as the percentage of patients who were not required to restart CD medical therapy after transplantation, was 91 % at 1 year, 63 % at 2 years, 57 % at 3 years, 39 % at 4 years, and 19 % at 5 years. Additionally, Clerici et al. enrolled seven patients with active refractory CD (CDAI C 250) in a pilot phase I/II study of autologous HSCT without CD34? selection [26] . After 12 months, five out of six patients (83.3 %) maintained clinical and endoscopic remission without further treatment. Only one relapse was observed, requiring an urgent small bowel major resection. Full responders had higher regulatory T-cells (T-regs) and lower interferon (IFN)-c and IL-12 levels than those of relapsed patients. By contrast, T-regs decreased while IL-12 and TLR2 expression levels increased in the only patient who relapsed. These findings confirm that autologous HSCT may result in both high rates of clinical remission and endoscopic mucosal healing. Moreover, HSCT without CD34? selection seems to be a safer, easier, and less expensive procedure. Hasselblatt et al. reported on the outcome of 12 patients with refractory CD treated with autologous PBSCT [27] . They showed that seven out of nine patients (77.8 %) had relapsed during follow-up periods (6 months to 10.3 years), but disease activity could be controlled by low-dose corticosteroids and conventional immunosuppressive therapy. Finally, Hawkey recently published an interim analysis of a multicenter, prospective, randomized phase III study designated as the Autologous Stem Cell Transplantation International Crohn's Disease (ASTIC) trial [30] . Autologous HSCT in CD appeared to offer substantial benefits, albeit in fewer patients was implied in the case reports. Moreover, a particularly important finding from this study was that the mobilization was only the benefit of this therapy. He concluded that because of the high level of serious adverse events in the study, the place of stem-cell transplantation in CD must await final results before definitive evaluation can be made.
Although these observations show the limitations of autologous HSCT while underscoring a curative trend of allogeneic HSCT, which was justified based on the monogenic cause of the disease, the balance between risks and benefits remains more ambiguous in the allogeneic transplantation than the autologous transplantation [32] . To increase the applicability of HSCT for IBD, improvement of safety is a top priority. Currently, a phase I trial assessing toxicity and efficacy of non-myeloablative allogeneic HSCT in CD is being performed (http://www.clin icaltrials.gov/ct2/show/NCT01288053).
MSC and IBD
MSCs are noted for active proliferation, plastic differentiation, strong immunomodulation, low immunogenicity, and abundant trophic factor production. Collectively, the wide range of advantageous effects of MSCs in vivo, from cell replacement and immunosuppression to trophic actions, extend the ability to use in regenerative medicine and immune intervention, the details of which can be found in the outstanding review of MSCs as a cell provider by Richardson et al. [33] . Successful preclinical studies using MSCs in models of autoimmunity, inflammation, and tissue damage have paved the way for clinical trials. Le Blanc et al. [34] reported the GvHD case of a patient who was successfully treated with an immunosuppressive effect of MSCs in vivo, rather than an induction of tolerance. Since then, in humans, ex vivo-expanded allogeneic MSCs have been infused in several phase I studies [35] [36] [37] . At present, a total of 311 clinical trials with MSCs are registered in the Clinical Trials.gov database (status October 27, 2014) . No adverse events during or after MSC infusion have been observed to date.
In CD, MSCs have been tested in clinical trials for two indications, namely fistulizing and luminal disease [38] [39] [40] [41] [42] [43] [44] [45] [46] . In fistulizing disease, the differentiation potential of MSCs is thought to be of crucial importance to achieve fistula tract closure. Encouraging results from studies using locally administered MSCs to treat complex perianal fistulae support the use of this approach for patients unresponsive to infliximab [38] [39] [40] [41] [42] [43] [44] . For luminal disease, the rationale for the use of MSCs lies mainly in their immunosuppressive capacity. Several phase I and II trials for luminal CD have been performed as well. A phase I trial, which was performed by Duijvestein et al. [45] using autologous bone marrow-derived MSCs (bMSCs) for luminal CD, showed improvement in three out of ten patients, of which none achieved remission. Another group treated four CD and three ulcerative colitis patients with allogeneic MSCs. Five patients achieved remission, of which two stayed in remission for over 2 years [46] . Recently, preliminary results of a phase II trial analyzing the use of allogeneic bone marrow-derived MSCs for refractory luminal CD were presented (http://clinicaltrials. gov/ct2/show/NCT01090817). Twelve patients out of 14 were improved, including eight patients with remission and seven patients of the endoscopic improvement [47] . These studies were not designed to assess efficacy, but did demonstrate the prospective efficacy and safety of intravenous (i.v.) infusion of MSCs. This notion is supported by a recent meta-analysis analyzing the safety of i.v. infusion of MSCs for many different indications. MSC infusion is associated with transient fever but not with acute reactions, such as infusion toxicity, organ system complications, infections, malignancies, or death [48] .
However, there are inconsistent results between each study. Long-term adverse effects and the mechanisms of the therapeutic action remain unproven. Since the transplantation efficacy of MSC is extremely poor and the duration when MSC-derived cells are detectable in the impaired intestinal tissues is short, maximum benefit from their therapeutic actions will require more efficient engraftment, proliferation, and/or differentiation of repopulating MSCs in recipient tissues. The likelihood of achieving this remains uncertain. In our experiments, we found a wide array of cues in the micro-milieu for MSC engraftment in experimental colitis; MSC engrafted into the intestinal epithelial region under certain conditions [49] and into stromal tissues under other conditions [50] . In either case, engrafted MSCs were so scarce that we could not observe their dynamics in the recipient intestine. Previous studies also present conflicting reports on the role of MSCs on carcinogenesis [51, 52] . Surprisingly, MSCs can promote or inhibit carcinogenesis depending on the micromilieu cue in our own study (data not shown).
Stem cell-based therapy with curative intent is growing in importance as the next-generation therapy for IBD. However, it is essential to set clear objectives regarding their therapeutic targets and to understand the precise mechanism of repair in each clinical setting to ensure optimal MSC therapy. All issues, such as source and types of MSC (autologous or allogeneic), the quality control of prepared MSCs (homogenous/monoclonal or heterogeneous/polyclonal), procedure of administration (route, schedule, dose, pretreatment with cytokines or chemokines, etc.) and factors that raise transplantation efficacy and control appropriate differentiation in the desired location, must be understood clearly. Even now, the process and evaluation criteria to choose autologous or allogeneic MSCs remains poorly understood. Allogeneic MSCs are regarded as a preferred source as they would allow treatment with a ready-to-use, off-the-shelf product, available for a large number of patients. Since exposure of inflammatory mediators up-regulates HLA class I and induces class II molecules, MSCs may be immune privilege cells. However, the absence of classic co-stimulatory molecules would lead to anergy of T lymphocytes. In addition, there is evidence of immune recognition of allogeneic MSCs by the host immune system, which may lead clearance of the cells. However, some evidence suggests that those alloresponses can be readily controlled by the inherent immune-modulatory properties of MSCs [53] . Autologous MSCs, on the contrary, would be favorable because they do not suffer from immune rejection. However, it is not clear whether autologous MSCs which are expanded from patients with inflammatory or autoimmune diseases may be fully functional [54] . Surprisingly, the therapeutic effects of MSCs do not depend on their full engraftment, but rely on the capacity of MSCs to inhibit pathogenic immune responses and to release trophic factors favoring tissue repair [55] [56] [57] . We found that the conditioned medium of MSCs including pleiotropic gut trophic factors promoted intestinal epithelial repair [58] . Consequently, we believe that discovery of the strategy to optimize MSC and ingredient analysis of MSC-conditioned medium (MSC-CM) would open new avenues for drug discovery and establish a basis for cell-based therapy for IBD (Fig. 1) .
Intestinal stem cells and other stem cells in IBD
Recently, gastrointestinal stem cell culture has been established in humans as well as rodents [59] [60] [61] [62] ; transplantation of these stem cells opens real possibilities of novel approaches to intractable gastrointestinal diseases such as IBD. However, transplantation of intestinal stem cells remains in its infancy, and readers should refer elsewhere for more information on this subject. Several other stem cells have been explored in preclinical settings as well. Induced pluripotent stem cells (iPSCs) are pluripotent cells derived from terminally differentiated cells by dedifferentiation. The generation of iPSCs creates the possibility of generating tissue-specific cells, including HSCs [63] [64] [65] [66] [67] [68] or MSCs [69] [70] [71] [72] [73] [74] [75] [76] , but further study is required before clinical application of iPSCs can commence. Taken together, immune reconstruction and modification of genetic predisposition of hematopoietic stem cells are important for radical cure of IBD. As a summary of the arguments of these various transplant treatments, the requirements to achieve a complete cure of IBD are listed in Table 1 . The double circle shows the therapeutic approach that completely suppresses each pathologic factor, the single circle shows that of partial suppression, and a cross indicates that it does not meet the condition.
Future perspectives
Notwithstanding the enticing perspective of immune reset, it is unrealistic to believe that autologous HSCT can eradicate immune diseases because a genetic predisposition may remain unmodified in the transplanted stem cells and disease recurrence remains a potential risk. The last decade has seen a remarkable shift in our appreciation of the potential uses for MSCs instead of HSCs. Now the challenge is the scientific evaluation of MSC therapy against conventional treatments for IBD in randomized controlled trials. The possibility of using allogeneic MSCs and immunomodulatory properties of MSCs in preventing GvHD is a promising and safer perspective for testing this treatment in IBD. Furthermore, optimization of pleiotropic gut trophic factor produced by MSCs should potentiate new drug discoveries for IBD. Significant hurdles remain regarding the design and interpretation of studies on MSCs, including patient selection, disease stage, disease activity, and long-term safety.
